C-X-C chemokine receptor type 7 (CXCR7) is reported to be overexpressed in tumor endothelial cells (TECs), which are the primary target cells of antivascular chemotherapy. However, the role of CXCR7 in TECs is not fully understood. In the present study, CXCR7 expression was inhibited in TECs derived from hepatocellular carcinoma (HCC) using short hairpin (sh)RNA plasmids to investigate the role of CXCR7 in the regulation of migration and invasion of TECs as well as its underlying mechanisms. The data showed that the downregulation of CXCR7 significantly inhibited the migration and invasion of TECs. Further study showed that silencing CXCR7 resulted in decreased phosphorylated signal transducer and activator of transcription 3 (STAT3) at Tyr705 and its downstream target genes in TECs, including matrix metalloproteinase-2 (MMP2) and vascular endothelial growth factor (VEGF). However, restoring STAT3 phosphorylation abolished the CXCR7-shRNA-induced decrease in TECs migration and invasion, as well as the downregulation of MMP2 and VEGF in TECs. These findings indicate that CXCR7 may regulate the migration and invasion of TECs derived from HCC via the STAT3 signaling pathway and that CXCR7 could be a potential target for the antivascular therapy of HCC.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common and lethal malignancies worldwide, especially in Asia and Africa (1) . The main cause of cancer-related deaths in HCC patients is tumor metastasis, which relies on angiogenesis (2) . It has been proposed that the metastatic activity of tumors is related to whether they have acquired an angiogenic phenotype (the ability to recruit vasculature), which enables them to obtain adequate nutrition and oxygen by angiogenesis (3, 4) . As the pivotal component of tumor blood vessels, tumor endothelial cells (TECs) perform a very crucial role during tumor angiogenesis. The migratory and invasive capacities of TECs enable them to degrade the surrounding ECM and migrate towards pro-angiogenic cues to form neovessels. Thus, understanding the mechanisms that regulate the migration and invasion of TECs is very important for the antiangiogenic therapy of cancer.
C-X-C chemokine receptor type 7 (CXCR7) is a G-protein-coupled chemokine receptor, and its ligands are CXCL12 and CXCL11. Reportedly, CXCR7 was upregulated in cancer cells and mediates a broad range of cellular activities, including proliferation, survival, and metastasis, by binding to CXCL12 (5, 6) . A recent study showed that CXCR7 was overexpressed in TECs derived from renal cell carcinoma (7) . Further study indicated that the expression of CXCR7 in TECs derived from renal cell carcinoma is important for the migration and tube formation of TECs and for tumor angiogenesis in vivo (8) . Moreover, upregulating CXCR7 in human HCC was found to increase the angiogenic capacity of human umbilical vein endothelial cells (HUVECs) in in vitro tube formation assays (9) . This indicated that CXCR7 might be associated with the functional regulation of TECs in HCC. However, the role of CXCR7 in regulating the invasion and migration of TECs in HCC as well as the underlying mechanisms have not been adequately described. Therefore, in the current study, we investigated the effect of CXCR7 silencing on the migration and invasion of TECs derived from HCC in vitro and further explored the mechanisms involved in CXCR7-regulated migration and invasion of TECs derived from HCC. Our data
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demonstrate that CXCR7 is an important molecule in regulating the migration and invasion of TECs derived from HCC by triggering the signal transducer and activator of transcription 3 (STAT3) pathway.
Materials and methods
Cell lines. TECs from HCC were purchased from Sixin Biotech (Shanghai, China; cat. no. TCHU82), routinely maintained in DMEM supplemented with 10% FBS and penicillin-streptomycin solution, and cultured at 37˚C in a humid atmosphere with 5% CO 2 .
CXCR7 knockdown and STAT3 over expression. The TEC cells were seeded in a six-well plate at 1.0x10 6 cells/well. When cells were 70-90% confluent, they were transfected with a short hairpin (sh)RNA plasmid targeting CXCR7 (CXCR7-shRNA) or empty shRNA plasmid (NC-shRNA) (both from Santa Cruz Biotechnology, Inc., Dallas, TX, USA) using Lipofectamine 3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. At 24 h after transfection, the cells were cultured in medium containing 2 µg/ml puromycin for 7 days to select stably transfected TECs. The expression of CXCR7 in the surviving clones was measured using reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and immunoblotting. For STAT3 overexpression, the pcDNA3.0 plasmid expressing activated STAT3 (pcDNA3.0-STAT3) or empty pcDNA3.0 plasmid (pcDNA3.0) (a kind gift from Dr. Fengsheng Li) was transiently transfected into TECs with a stable downregulation of CXCR7 using Lipofectamine 3000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. At 48 h after transfection, the cells were harvested for subsequent experiments.
RT-qPCR. Total RNA was extracted from TECs transfected with or without pcDNA3.0-STAT3, pcDNA3.0, CXCR7-shRNA or NC-shRNA using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). First-strand cDNA was then generated using ALL-in-One™ First-Stand cDNA Synthesis kit (GeneCopoeia, Rockville, MD, USA) according to the manufacturer's protocol. RT-qPCR was carried out using Talent qPCR PreMix (SYBR-Green) kit (Tiangen Biotech, Beijing, China) according to the manufacturer's protocol. The primer sequences used in the current study are shown in Table I . The relative level of target mRNA was determined by the 2 -ΔΔCq method.
Immunoblotting. Total protein from TECs was collected by using a lysis buffer (1% Triton X-100, 150 mmol/l NaCl, 50 mmol/l Tris, pH 8.0, 1 mmol/l EDTA, 10 mg/l henylmethylsulfonyl fluoride). The protein concentration was determined by the BCA Protein Assay kit (Tiangen Biotech) according to the manufacturer's protocol. Then, 50 µg protein was separated by 10% SDS-PAGE and transferred onto a PVDF membrane. After blocking with a 5% BSA in PBS, the membrane was incubated with anti-CXCR7 antibody (1:1,000; Abgent, San Diego, CA, USA), anti-STAT3 (phospho Y705) antibody (1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA), anti-matrix metalloproteinase-2 (MMP2) antibody (1:1,000; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), anti-vascular endothelial growth factor (VEGF) antibody (1:1,000; Abgent) or anti-Tubulin antibody (1:5,000, YTHX Biotechnology Co. Ltd, Beijing, China) overnight at 4˚C. After washing with Tris-buffered saline (pH 7.2) containing 0.05% Tween-20, the membrane was incubated with the secondary antibody and subsequently visualized using the ECL system.
Cell migration assay. The migration of TECs was measured by both transwell migration assay and wound healing assay, as described in previous studies (10, 11) . For the transwell migration assay, briefly, 5x10 4 TECs in 200 µl of serum-free DMEM was added to the top compartment of the transwell insert-setup (Corning Incorporated, Corning, NY, USA). Then, 500 µl of DMEM medium supplemented with 10% FBS was added to the bottom chamber. Following incubation for 12 h at 37˚C in a humid atmosphere with 5% CO 2 , the cells on the lower surface of the membrane were fixed with 100% methanol and stained with Giemsa. Migrated cells were counted and expressed as an average number of cells/microscopic field. For the wound healing assay, TECs with normal or downregulated CXCR7 expression were seeded into 6-well plates and grown to confluence. After washing with serum-free medium, the confluent cells were wounded with a 200 µl pipette tip followed by washing with serum-free medium to remove the non-adherent cells. The wounded monolayers were subsequently incubated with serum-free DMEM at 37˚C in a humid atmosphere with 5% CO 2 for 24 h. The cells were observed by phase-contrast microscopy, and images were captured (magnification, x100).
Invasion assay. The invasive capacity of TEC cells was measured using a transwell invasion assay. Briefly, 0.1 ml Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) diluted by serum-free DMEM was added into the upper chamber. After the Matrigel proteins polymerized, 5x10 4 TECs that had been grown in serum-free DMEM medium for 24 h and suspended in 200 µl of FBS-free DMEM were added to the upper chamber. Then, 500 µl of DMEM with 10% FBS was added to the lower chamber. The cell invasion chambers were incubated for 20 h at 37˚C in a humid atmosphere with 5% CO 2 . The cells on the lower surface of the membrane were fixed, stained and counted as described for the cell migration assay.
Statistical analysis. The experimental data are presented as the mean ± standard deviation. One-way ANOVA followed by Student-Newman-Keuls test was performed to analyze the differences among groups using the statistical software SPSS 19.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
The generation of TECs with the stable downregulation of CXCR7. After selection with puromycin, the expression of CXCR7 in the surviving TEC clones was detected by RT-qPCR and immunoblotting. As shown in Fig. 1A , the transfection with NC-shRNA did not change the expression of CXCR7 mRNA in TECS compared to the untreated TECs. In contrast, the level of CXCR7 mRNA in TECs transfected with CXCR7-shRNA was significantly decreased. More importantly, a similar expression pattern of CXCR7 protein was observed in the immunoblotting assay ( Fig. 1B) . These results indicated that appropriate control and CXCR7 knock-down TECs were generated.
CXCR7 silencing inhibits the migration and invasion of TECs.
The migratory capacity of TECs with stable CXCR7 downregulation was investigated using a transwell migration assay. As shown in Fig. 2A and B , TECs with stable NC-shRNA expression showed a similar migratory ability to that of the untreated TECs, but the migratory capacity of TECs with stable down-regulation of CXCR7 was significantly impaired compared to both untreated TECs and NC-shRNA-treated TECs, which was further confirmed by the wound healing assay (Fig. 2C) . The invasive ability of TECs transfected with CXCR7 shRNA was further examined by a transwell invasion assay. Similarly, the transfection of NC-shRNA did not affect the invasive ability of TECs, but the TECs transfected with CXCR7 shRNA showed significantly impaired invasion ( Fig. 2D and E) .
CXCR7 silencing suppresses the STAT3 pathway in TECs.
Previous studies have suggested that CXCR7 can trigger STAT3 expression, which has been found to contribute to cell migration, invasion, and tumor metastasis by transcriptionally regulating the expression of genes such as MMP2 and VEGF (12) (13) (14) . We therefore detected the expression of total and phosphorylated STAT3 in the TECs with stable CXCR7 downregulation. As shown in Fig. 3A , the inhibition of CXCR7 did not change the level of total STAT3 in TECs compared to untreated or NC-shRNA-transfected TECs. However, phosphorylated STAT3 was significantly decreased after CXCR7 silencing.
The expression of MMP2 and VEGF, which are 2 downstream genes of STAT3, in TECs was further investigated. As anticipated, the expression of MMP2 was significantly inhibited in TECs with stable CXCR7 downregulation at both the mRNA and protein levels compared to untreated or NC-shRNA-transfected TECs (Fig. 3B and C) . Similarly, the downregulation of CXCR7 resulted in a significant decrease in the expression of VEGF mRNA and protein ( Fig. 3C and D) . These results indicated that the inhibition of CXCR7 suppressed the STAT3 pathway in TECs.
CXCR7 silencing suppresses the STAT3 pathway and decreases migration and invasion of TECs.
We firstly examined the role of STAT3 in regulating migration and invasion of TECs. The TECs were transfected with or without pcDNA3.0-STAT3 of pcDNA3.0, and subsequently subjected to RT-qPCR, migration assay or invasion assay. As shown in Fig. 4A , the expression of STAT3 in TECs was significantly up regulated by transfection with pcDNA3.0-STAT3, compared to both pcDNA3.0 and untreated control; while treatment with pcDNA3.0 did not affect the expression of 
Gene
Forward sequence (5'-3') Reverse sequence (5'-3')   CXCR7  CACTGCTACATCTTGAACCT  GTTGATGGAGAAGATGAGGTGT  MMP2  ATGCCGTCGTGGACCTGC  TGCTTCCAAACTTCACGCTCTT  VEGF  GCACCCATGGCAGAAGGAGGAG  GTGCTGACGCTAACTGACC  STAT3 ATCACGCCTTCTACAGACTGC CATCCTGGAGATTCTCTACCACT β-actin ATTGCCGACAGGATGCAGAAG AGAAGCATTTGCGGTGGACG CXCR7; C-X-C chemokine receptor type 7; MMP, matrix metalloproteinase; VEGF, vascular endothelial growth factor; STAT3, signal transducer and activator of transcription 3.
STAT3 in TECs, compared to untreated control. Further study showed that transfection with pcDNA3.0-STAT3 increased the migration and invasion of TECs ( Fig. 4B and C) , which indicated that STAT3 was involved in the regulation of TEC migration and invasion.
To investigate whether the inhibition of the STAT3 pathway was necessary for the CXCR7 silencing-mediated decreases in TEC migration and invasion, the TECs with stable CXCR7 downregulation were transfected with pcDNA3.0-STAT3 or empty pcDNA3.0 plasmid. As shown in Fig. 5A , transfection with the empty pcDNA3.0 plasmid did not result in a significant change in phosphorylated STAT3 compared to TECs with stable CXCR7 downregulation. In contrast, treatment with pcDNA3.0-STAT3 significantly abolished the CXCR7-shRNA-induced downregulation of phosphorylated STAT3, accompanied by a significant increase in total STAT3. The levels of phosphorylated and total STAT3 in TECs treated with CXCR7-shRNA plus pcDNA3.0-STAT3 were even higher than those observed in untreated TECs. Further study showed that the decreased migratory and invasive capacities of TECs with stable CXCR7 downregulation were also abolished after the expression of phosphorylated STAT3 was restored ( Fig. 5B and C) . Compared to TECs transfected with NC-shRNA, TECs transfected with CXCR7-shRNA plus pcDNA3.0-STAT3 seemed to possess increased migratory and invasive capacities, but there was no significant difference in migratory or invasive capacity between the groups.
Finally, the expression of MMP2 and VEGF in TECs with decreased CXCR7 expression was also investigated after the restoration of phosphorylated STAT3 expression. As shown in Fig. 5D , the downregulation of MMP2 and VEGF in TECs induced by CXCR7 silencing was also abolished at both the mRNA and protein levels by transfection with pcDNA3.0-STAT3. Interestingly, the overexpression of constructively active STAT3 in TECs with CXCR7 silencing resulted in a significantly higher expression of MMP2 and VEGF than that of TECs with normal CXCR7 expression. These data indicated that the CXCR7 silencing mediated the decreased TEC migration and invasion abilities by suppressing the STAT3 pathway.
Discussion
One of key steps in the growth and metastasis of tumor is angiogenesis, which enables tumor cells to obtain sufficient nutrition and oxygen, and TECs are a critical component of angiogenesis, which makes them a major target of anti-angiogenic therapies (15) . Understanding the mechanisms underlying various biologic behaviors of TECs, such as cell migration and invasion, is helpful for developing novel anti-angiogenic agents. The current study reveals that CXCR7 is involved in the migration and invasion of TECs derived from HCC. Further study showed that silencing CXCR7 resulted in a decrease in both phosphorylated STAT3 at Tyr705 and its downstream genes, MMP2 and VEGF, in TECs. Restoring STAT3 phosphorylation abolished the CXCR7-shRNA-mediated decrease of TEC migration and invasion and restored the expression of MMP2 and VEGF. CXCR4, the 'canonical' receptor of CXCL12, has been demonstrated to promote tumor growth and metastasis in various tumor types by binding to CXCL12 (16, 17) . CXCR7 has been recently identified as a second receptor for CXCL12 (18) . It has been confirmed that CXCR7 is elevated in both malignant cells and tumor-associated blood vessels in human breast and lung cancer tissue (18) . Although the overexpression of CXCR7 in tumor cells was shown to promote tumor growth, progression of metastasis, and epithelial-mesenchymal transition (EMT) (18, 19) , the role of CXCR7 in TECs was not fully understood. Yamada et al first reported that CXCR7 was involved in migration, angiogenesis, and resistance to serum starvation in TECs derived from murine tumor A375SM xenografts (8) . Consistently, our data showed that inhibiting CXCR7 in TECs derived from HCC suppressed cell migration and invasion in vitro. Because the migration and invasion of TECs are essential for angiogenesis in both primary and metastatic HCC lesions, this finding indicated that targeting TECs in HCC might be a potential strategy for treating HCC.
Various molecules have been reported to be downstream of CXCR7, including extracellular regulated protein kinases 1/2 (ERK1/2) in epithelial ovarian carcinomas (20) , mitogen-activated protein kinase (MAPK) in HCC (21) , AKT in epithelial ovarian carcinomas and HCC (9, 20) , and STAT3 in breast cancer (12) . STAT3 belongs to the STAT protein family, whose role has been demonstrated to transmit various stimulatory signals from the cell membrane to the nucleus, where it transcriptionally regulates the expression of diverse target genes to response to the stimuli (22) . STAT3 has been proven to promote the development and metastasis of various tumor types by elevating the expression of its target genes, such as VEGF, MMP2 and survivin (23) (24) (25) . Wani et al (12) reported that CXCR7 expression enhanced the growth and metastasis of breast cancer by activating the STAT3/MMP2 pathway. In the current study, we revealed that inhibiting CXCR7 in TECs suppressed the activity of STAT3, followed by the downregulation of MMP2 and VEGF. This result indicated that STAT3 was one of downstream molecules of CXCR7 in TECs derived from HHC. The restoration of activated STAT3 in TECs abolished the CXCR7 inhibition-mediated decrease of cell migration and invasion as well as the downregulation of MMP2 and VEGF, indicating that CXCR7 regulates the migration and invasion of TECs via STAT3. Moreover, the overexpression of constitutively activated STAT3 resulted in significantly increased MMP2 and VEGF expression in TECs with CXCR7 silencing, which was accompanied by an enhanced migratory and invasive capacity of these cells. This was in line with the finding that TECs with CXCR7 silencing and STAT3 overexpression have a higher level of phosphorylated STAT3.
In conclusion, the current study demonstrates that CXCR7 plays an important role in regulating the migration and invasion of TECs derived from HCC. STAT3 is responsible for CXCR7-mediated migration and invasion in TECs derived from HCC. Targeting CXCR7 may be an effective antiangiogenic strategy for the treatment of HCC. Further in vivo studies are needed in future research.
